Surface-enhanced Raman spectroscopy (SERS) was used to measure scopolamine hydrobromide. First, the Raman characteristic peaks of scopolamine hydrobromide were assigned, and the characteristic peaks were determined. The optimal aggregation agent was potassium iodide based on a comparative experimental study. Finally, the SERS spectrum of scopolamine hydrobromide was detected in aqueous solution, and the semi-quantitative analysis and the recovery rate were determined via a linear fitting. The detection limit of scopolamine hydrobromide in aqueous solution was 0.5 μg/mL. From 0 -10 μg/mL, the curve of the intensity of the Raman characteristic peak of scopolamine hydrobromide at 1002 cm -1 is y = 4017.76 + 642.47x. The correlation coefficient was R 2 = 0.983, the recovery was 98.5 -109.7%, and the relative standard deviation (RSD) was about 5.5%. This method is fast, accurate, non-destructive and simple for the detection of scopolamine hydrobromide.
Introduction
Scopolamine hydrobromide is a scopolamine alkaloids that is extracted from plants, such as Atropa belladonna L., Utura stramonium L., and Hyosyamus niger L. It stimulates the respiratory center. It is used clinically before a general anesthesia, to relieve, and to improve microcirculation, etc. 1, 2 Scopolamine is also known as "burundanga" among abusers. While taking drugs does not imply drug abuse, many adolescent drug users eventually become addicts.
Drug abuse is a global safety issue. 3, 4 The Centers for Disease Control and Prevention (CDC) in the United States found that drug abuse increased by 23% between 2010 and 2014. In 2014, the death toll was more than 47000. 5 In 2015, more than 52 thousand people died of overdoses and drug abuse. 6 Thus, analytical tools to rapidly and accurately measure drugs are needed.
Current methods for detecting scopolamine hydrobromide include high-performance liquid chromatography (HPLC) 7 and nuclear magnetic resonance (NMR). 8 However, these methods have a complicated pretreatment processes, long turnaround times, high costs, and expensive instruments. Therefore, a method for the rapid and accurate detection of drugs, such as scopolamine hydrobromide, is urgently needed.
Raman spectroscopy is a method based on Raman scattering. When light interacts with molecules, most photons are elastically scattered; a small fraction are inelastically scattered. At this point, the photon transfers part of its energy to the molecule so that the frequency of the scattered light is shifted. This displacement has molecular information. The Raman spectrum indicates the presence and relative contents of chemical substances. 9, 10 Versus infrared spectroscopy, Raman spectroscopy is fast, simple, and repeatable. It is both qualitative and quantitative with no damage to the sample. It requires no sample preparation and is simple, fast, sensitive, and the sample can be directly measured via a fiber probe or with a glass, quartz or optical fiber. This avoids direct sample damage and achieves fast screening speeds.
A variety of special Raman techniques have been established: Fourier transformation Raman spectroscopy, micro Raman spectroscopy, surface enhanced Raman spectroscopy (SERS), resonance Raman spectroscopy, etc. Surface-enhanced Raman spectroscopy and resonance Raman spectroscopy are the most widely used in pharmaceutical analysis.
SERS absorbs molecules on the surface of a metal, which causes the Raman signal to dramatically increase. This phenomenon is called SERS. The Raman cross section of the material can increase by up to 10 10-15 times on the metal surface or the rough metal surface. SERS is relatively mature, [11] [12] [13] and the surfaceenhancement mechanism is divided into two categories: electromagnetic enhancement (physical enhancement) and molecular enhancement (chemical enhancement).
SERS has similar advantages as Raman: high specificity, no interference from water, easy multiplexing, and non-destructive sampling. However, it offers major advantages in sensitivity.
are now available for the analysis of foods and drugs. However, scopolamine hydrobromide has not yet been studied with Raman spectroscopy.
In this paper, SERS was used to measure an aqueous solution of scopolamine hydrobromide aggregated with KI via characteristic peaks. The detection limit was 0.5 μg/mL. From 0 to 10 μg/mL, the dose response curve for the Raman peak at 1002 cm -1 was y = 4017.76 + 642.47x.
The correlation coefficient R 2 is 0.983, the recovery rate is 98.5 -109.7%, and the relative standard deviation (RSD) is ~5.5%. This technique is fast, accurate, nondestructive, easy, and has wide utility in the detection of scopolamine hydrobromide.
Experimental

Reagents
Nanometer alumina powder (Al2O3) was purchased from Xuancheng Jingrui New Material Co., Ltd.; silver nitrate (AgNO3), sodium citrate (C7H5Na3O7) and magnesium sulfate (MgSO4) were purchased from Sinopharm Chemical Reagent Co., Ltd. Sodium chloride (NaCl) and potassium iodide (KI) were purchased from Timong Chemical Co., Ltd. Scopolamine hydrobromide (C17H21NO4·HBr·3H2O) was purchased from Dalian Biotech Corp. The reagents were analytically pure. We also used deionized (DI) water.
Apparatus
This experiment uses a BWS415-785H portable Raman spectrometer (B&W Tek, Inc) to collect the spectrum using spectrometer software to process the spectral data. The diode laser is 785 nm, the spectral range is 68 -2700 cm -1 , and the spectral resolution is less than 3 cm -1
. The focal spot of the lens is 6.8 mm, and the focal spot size is about 10 μm. The laser power is 90 mW, and the integral time is 5 s. The data acquisition and spectrum processing used Bwram 1.01.20 software (B&W Tek, Inc.). Boxcar averaging was used to smooth the spectra, and the software background corrected the data.
Sample preparation
A 1 mg/mL scopolamine hydrobromide stock solution was prepared, and then this standard solution was diluted to different concentrations with DI water: 75, 50, 25, 10, 8, 6, 4, 1, 0.5 and 0.1 μg/mL of scopolamine hydrobromide. DI water was used as the blank control.
Preparation and characterization of silver colloid
Silver colloid was prepared based on Lee and Meise. 16 Here, 45 mg was dissolved into 250 mL of water with a 1% sodium citrate solution in 5 mL of boiling water. This was stirred and boiled for 1 h. It was then cooled to room temperature, and further to 4 degrees with storage in the dark. Scanning electron microscopy (SEM) was used to characterize the silver colloid (Fig. 1) . The silver nanoparticles were uniform, spherical, and the average size was about 60 nm.
Results and Discussion
Raman spectra of scopolamine hydrobromide and its attribution
We used DFT theory and Gaussian 09 to calculate the theoretical spectra and assign Raman characteristic peaks. Optimization of the molecular structure and calculation of Raman spectra were performed with the B3LYP hybrid functional with the 6-31G (2df, P) basis set. The correction factor was 0.9652. The theoretical Raman spectra obtained from the calculation were compared with those obtained in the solid Raman spectra and the SERS spectra of the aqueous solution (Fig. 2) .
The Raman spectra of an aqueous solution of scopolamine hydrobromide of 1 g/L are relative weak, and almost no Raman peaks can be seen. However, with SERS spectra of 5 μg/mL there are very obvious Raman peaks (Fig. 2) . The peaks of the three spectra are basically the same; some specific peak assignments are listed in Table 1 .
Optimization of aggregation agent
Aggregating the nanoparticles creates "hot spots" that further amplify SERS (Fig. 3) . Inorganic salts can induce this aggregation. 17 Thus, the effect of different aggregation agents was studied here including magnesium sulfate (MgSO4), potassium iodide (KI), and sodium chloride (NaCl). The proportion of sample solution, aggregation agent and concentration of silver sol was 5:1:5. An intensity of 1002 cm -1 characteristic peak was taken for analysis. Compared with MgSO4 and NaCl, KI has the strongest Raman peaks and the better stability. Therefore, 1.5 M KI was chosen as the aggregation agent. All measurements were performed 5 times and then averaged.
Determination of scopolamine hydrobromide in aqueous solution by SERS
First, the SERS spectra of aqueous solutions of different concentrations of scopolamine hydrobromide were detected (Fig. 4) . The proportion of the sample solution, aggregation agent and concentration of silver sol was 5:1:5. All measurements were performed 5 times and then averaged. Above 0.5 μg/mL, the Raman signal of the sample can still be detected at 1002 cm -1 . The detection limit of scopolamine hydrobromide in aqueous solution is 0.5 μg/mL.
The relationship between the intensity of the Raman peak at 1002 cm -1 and the concentration is shown in Fig. 5 . At low concentrations there is an approximately linear relationship, but this plateaus as higher concentrations. Figure 5(b) is the fitting curve at low concentrations. The curve equation is y = 4017.76 + 642.47x, and the correlation coefficient is R 2 = 0.983.
Recovery
The recovery rate was determined to verify the repeatability of the experiment and the reliability of the fitting curve. Scopolamine hydrobromide was diluted with deionized water and then spiked with 6 and 10 μg/mL. The recovery and RSD of the method are obtained by calculating the experimental data of the concentration and the spiked concentration ( Table 2 ). The recovery rate of the scopolamine hydrobromide aqueous solution is between 98.5 -109.7%, and the RSD at about 5.5%. This indicates that the present method has great potential for the rapid in situ detection of scopolamine hydrobromide.
Conclusions
In this paper, we used SERS to detect the aqueous solution of scopolamine hydrobromide. The silver sol was characterized with SEM. The results showed that the silver nanoparticles were uniform, spherical, and 60 nm in diameter. The Raman characteristic peaks of scopolamine hydrobromide were assigned, and the main peak at 1002 cm -1 was for quantitative analysis. We then aggregated the silver nanoparticles with KI to create SERS. The detection limit of scopolamine hydrobromide in aqueous solution was 0.5 μg/mL. From 0 -10 μg/mL, the dose response curve at 1002 cm -1 is y = 4017.76 + 642.47x. The correlation coefficient was R 2 = 0.983, the recovery was 98.5 -109.7%, and the RSD was about 5.5%. The method is fast, accurate, non-destructive, simple operation, and has broad applications in the detection of scopolamine hydrobromide. 
